Adult naive T cells, which are at rest in normal conditions, proliferate strongly when transferred to lymphopenic hosts. In neonates, the first mature thymocytes to migrate to the periphery reach a compartment devoid of preexisting T cells. We have extensively analyzed the proliferation rate and phenotype of peripheral T cells from normal C57BL͞6 and T cell antigen receptor transgenic mice as a function of age. We show that, like adult naive T cells transferred to lymphopenic mice, neonatal naive T cells proliferate strongly. By using bone-marrow transfer and thymicgraft models, we demonstrate that the proliferation of the first thymic emigrants reaching the periphery requires T cell antigen receptor-self-peptide͞self-MHC interactions and is regulated by the size of the peripheral T cell pool.
Adult naive T cells, which are at rest in normal conditions, proliferate strongly when transferred to lymphopenic hosts. In neonates, the first mature thymocytes to migrate to the periphery reach a compartment devoid of preexisting T cells. We have extensively analyzed the proliferation rate and phenotype of peripheral T cells from normal C57BL͞6 and T cell antigen receptor transgenic mice as a function of age. We show that, like adult naive T cells transferred to lymphopenic mice, neonatal naive T cells proliferate strongly. By using bone-marrow transfer and thymicgraft models, we demonstrate that the proliferation of the first thymic emigrants reaching the periphery requires T cell antigen receptor-self-peptide͞self-MHC interactions and is regulated by the size of the peripheral T cell pool. P eripheral T cells expand strongly after transfer to lymphopenic hosts (1, 2) . This proliferation has been considered as a homeostatic mechanism that fills the peripheral T cell pool. It was initially suggested that homeostatic T cell proliferation was restricted to activated͞memory T cells. Indeed, most authors inferred that naive and memory T cell pools would be regulated independently. The memory T cell pool would be renewed and filled by proliferation of preexisting activated͞memory cells, whereas only continuous output of naive T cells by the thymus could generate a full compartment of truly naive T cells (3) . This theory is supported by the observation that a significant proportion of memory T cells proliferate in normal mice, whereas naive T lymphocytes do not cycle in normal conditions (4) (5) (6) (7) (8) .
Nevertheless, using monoclonal naive T cells from T cell antigen receptor (TCR) transgenic mouse strains and purified polyclonal naive T cells from normal mice, it has recently been shown that naive T cells proliferate when transferred to lymphopenic hosts (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) . Such peripheral T cell expansion would be depend on self-peptide-specific, low-affinity interactions similar to those required for positive selection in the thymus (10) (11) (12) , although other reports do not support this view (13) . By following the long-term fate of naive T cells transferred to lymphopenic hosts (rag-deficient, CD3-deficient, and irradiated normal mice), we and others have observed that the transferred cells fail to fill the peripheral naive T cell pool. Indeed, absolute numbers of recovered T cells are far below those found in the full peripheral naive T cell pool of a normal mouse. Moreover, injected naive T cells acquire a memorylike phenotype that remains stable with time, despite the absence of foreign antigenic stimulation, and their functional capacities are modified, enhanced, or abolished (18) (19) (20) (21) . Recent studies have demonstrated a role of IL-7, IL-12, and p56 lck in the proliferation of naive T cells in lymphopenic mice (22) (23) (24) (25) , but the mechanisms underlying this process are not fully understood.
Furthermore, it is crucial to show the physiological relevance of this mechanism. Indeed, injection of purified naive T cells to irradiated or genetically modified adult mice could reveal particular T cell reactivities that would never occur in unmanipulated healthy animals. In neonates, the first thymic emigrants reach a peripheral compartment devoid of preexisting T cells. Therefore, the proliferation͞activation of naive T cells transferred to lymphopenic hosts might also be expected to apply to the first thymic emigrants in neonates.
In this study, we analyzed the absolute number, proliferation rate, and phenotype of peripheral T cells from normal C57BL͞6 and TCR transgenic mice as a function of age. We show that peripheral naive T cells proliferate strongly in neonates. By using bone-marrow transfer and thymic-graft models, we demonstrate that the proliferation of peripheral naive T cells in neonates requires TCR-self-peptide͞self-MHC interactions and is regulated by the size of the peripheral T cell pool. BrdUrd labeling. One milligram of BrdUrd (Sigma) was injected i.p. twice, at a 30-min interval. To detect and characterize DNA-synthesizing cells, spleens were taken 30 min after the second injection. Surface-stained cells were fixed and permeabilized in PBS containing 1% paraformaldehyde plus 0.01% Tween 20 for 48 h at 4°C and then submitted to the BrdUrd DNase detection technique as described (36, 37) , using FITCconjugated anti-BrdUrd Ab (Becton Dickinson).
Materials and Methods
Flow cytometry. Four-color immunofluorescence was analyzed with a FACScalibur cytometer (Becton Dickinson). List-mode data files were analyzed with CELL QUEST software (Becton Dickinson).
Results

Peripheral T Cells Proliferate Strongly in Neonates.
The absolute number, proliferation rate, and phenotype of peripheral T cells from normal C57BL͞6 mice were studied 2-10 days after birth and compared with the results obtained in adult mice (6-8 weeks of age). To detect and characterize DNA-synthesizing cells, BrdUrd was injected i.p. twice, at a 30-min interval; spleens were taken 30 min after the second injection, cell-counted, and stained for CD4, CD8, TCR, and CD44 expression or BrdUrd incorporation.
CD4 ϩ and CD8 ϩ T cells were detectable in the spleen 2 days after birth. Such cells were absent from nude mice of the same age, and were therefore recent thymic emigrants (Fig. 1a) . Some CD4 ϩ cells are reported not to express TCR in the periphery of newborn mice (38) . To exclude these cells, the analysis was restricted to CD4 ϩ TCR hi and CD8 ϩ TCR hi cells ( Fig. 1 b and c) . Splenic CD4 ϩ and CD8 ϩ T cell compartments grew strongly during the first days after birth but still represented only one-fourth of the corresponding adult compartments 10 days after birth ( Fig.  1 b and c) . By contrast to adult T cells, T cells from neonates proliferated strongly. Indeed, more than 3% of splenic CD4 ϩ T cells and 10% of splenic CD8 ϩ T cells from 2-day-old C57BL͞6 mice incorporated BrdUrd (Fig. 1c) , whereas only 0.3% of splenic CD4 ϩ and CD8 ϩ T cells proliferated in adult mice (Fig. 1b) . CD4 ϩ and CD8 ϩ T cell proliferation rates fell rapidly with age but were still higher than in adult mice 10 days after birth.
Most splenic CD4 ϩ and CD8 ϩ T cells were blasts on day 2 after birth; cell size decreased with time, becoming similar to that of adult T cells 10 days after birth (Fig. 2) . We then investigated whether the observed proliferation was associated with a parallel increase in CD44 expression. CD44 expression by CD4 Peripheral T cells proliferated strongly in neonates, but this proliferation was not matched closely by an increase in activation marker expression. It was thus important to determine the mechanism underlying this proliferation, particularly its dependence on TCR͞MHC interactions.
Peripheral T Cells Proliferate in Neonates in Response to TCR͞MHC
Interactions. T cells are not produced in MHC-deficient mice (30) (31) (32) . Therefore, to study the proliferation rate of neonatal thymic emigrants in an MHC-deficient environment, we used the following experimental system. Thymuses from 2-to 3-day-old C57BL͞6 mice were engrafted under the kidney capsule of CD3 Ϫ/Ϫ mice with normal MHC expression and similar mice lacking MHC class II or MHC classes I and II molecule expression. One week after grafting, the spleen and thymus were removed, cell-counted, and stained for CD4, CD8, TCR, and CD44 expression or BrdUrd incorporation. This experimental system allowed us to determine whether the proliferation rate of thymic emigrants from neonates depended on the MHC expression in the periphery.
As shown in Fig. 3a) . By contrast, after thymus grafting into recipients expressing MHC classes I and II molecules but lacking endogenous T cell production (CD3-deficient mice), a large proportion of thymus graft-derived CD4 ϩ T cells and CD8 ϩ T cells proliferated in the spleen (Fig. 3a) . CD44 expression by these cells was strongly up-regulated (Fig. 3b) . This up-regulation of CD44 expression was restricted to peripheral T cells, as no difference in the surface expression of this marker was observed between engrafted and normal adult mature thymocytes (Fig. 3c) .
In this model, the proliferation of peripheral CD4 ϩ T cells and concomitant CD44 up-regulation on these cells were abrogated in the absence of peripheral MHC class II molecule expression. Similar results were observed for peripheral CD8 ϩ T cells when the hosts also lacked MHC class I expression (Fig. 3) .
Thus, the high proliferation rates of CD4 ϩ T cells and CD8 ϩ T cells observed during the first days after birth depended on TCR interactions with self-MHC molecules, although they were not always matched by increased activation marker expression (Fig. 2) . This proliferation could result from TCR interactions with environmental antigens, or from interactions with selfpeptide͞self-MHC complexes. To examine these possibilities, we investigated T cell proliferation rates in neonates of TCR transgenic mouse strains, in which encounters between T cells and their nominal antigens were highly unlikely.
Peripheral T Cells Proliferate in Neonates in Response to Self-Peptide͞
Self-MHC Complexes. Monoclonal T cells from various TCR transgenic mouse strains were assessed for their capacity to proliferate in neonates (Tables 1 and 2 ). All of the studied TCR transgenic mouse strains were crossed with rag-2-deficient mice to avoid rearrangement of endogenous TCR genes resulting in dual TCR expression. The proliferation rate in day-2 splenic T cells from all of the tested TCR transgenic mouse strains was higher than in their adult counterparts. Furthermore, as in normal neonates, TCR transgenic CD8 (Tables 1 and 2 ).
All tested day-2 TCR transgenic T cells contained a higher proportion of blasts than their adult counterparts (Fig. 4) . Inter- estingly, CD44 expression was strongly up-regulated in day-2 AND CD4 ϩ T cells (Fig. 4) , as well as in day-2 HY CD8 ϩ T cells (Fig. 4) . By contrast, day-2 P14 CD8 ϩ T cells did not express higher CD44 densities than their adult counterparts, and only a weak increase in CD44 expression was observed in day-2 5CC7 CD4 ϩ T cells (Fig.  4) . Moreover, as in normal neonates, CD69 expression was not significantly increased in neonatal peripheral T cells from TCR transgenic mice (data not shown). Thus, as in normal neonates, the observed proliferation of neonatal TCR transgenic T cells was not closely matched by an increase in activation marker expression.
Proliferation of peripheral T cells in neonates was not restricted to polyclonal repertoires but was also seen, to a similar extent, in monoclonal T cells. Such proliferation did not result from interactions with environmental antigens, as tested TCR transgenic cells were unlikely to have encountered their known nominal antigens. Thus, proliferation of peripheral T cells in neonates did not depend on antigenic stimulation but rather involved TCR interactions with self-peptide͞self-MHC complexes.
The Extent of Thymic Emigrant Proliferation Depends on the Size of the Peripheral T Cell Pool.
During the first days after birth, very few T cells can be recovered in the periphery. Therefore, in the neonatal period, most peripheral T cells are recent thymic emigrants. It was thus important to determine whether the proliferation of peripheral T cells in neonates depended on the ''lymphopenic'' state of the periphery in neonates or represented a property of recent thymic emigrants in general. Two experimental models were used to address this question.
First, thymuses from 2-to 3-day-old H-2 b AND mice (Thy 1.2) were engrafted under the kidney capsule of C57BL͞6 Ba mice (Thy 1.1), CD3 Ϫ/Ϫ mice with normal MHC expression, and CD3 Ϫ/Ϫ mice lacking MHC class II molecule expression. One week after grafting, splenocytes were harvested, counted, and stained for CD4, Thy 1.2, V ␤ 3, and CD44 expression or BrdUrd incorporation (Table 3) .
After thymus grafting into recipients expressing MHC class II molecules but lacking endogenous T cell production (CD3-deficient mice), a large proportion of thymus graft-derived AND CD4 ϩ T cells (8%) proliferated in the spleen. CD44 expression by these cells was strongly up-regulated. The proliferation of peripheral AND CD4 ϩ T cells and concomitant CD44 up-regulation on these cells were not observed in the absence of peripheral MHC class II molecule expression (CD3-deficient IIKO mice) and when the host contained normal number of peripheral T cells (C57BL͞6 Ba mice) (Table 3) AND TCR transgenic mice. In this system, like in neonates, the first mature thymocytes to migrate from the thymus to the periphery reach a compartment devoid of preexisting T cells. Co-injection of lymph node T cells (Thy 1.1) at the same time as BM cells (Thy 1.2) allowed us to study the influence of the size of the peripheral T cell pool on the proliferation of thymic emigrants. The first CD4 ϩ mature thymocytes and, therefore, the first thymic emigrants, are generated 14 to 16 days after transfer (37) . Interestingly, 14 and 16 days after transfer, a significant percentage of splenic AND CD4 ϩ T cells proliferated strongly (Fig. 5a ). Moreover, they expressed high densities of CD44, and most of them were blast cells (Fig. 5b) .
The proliferation of AND CD4 ϩ T cells (Thy 1.2) was strongly diminished when polyclonal T cells (Thy 1.1) were injected at the same time as BM cells (Fig. 5a ). In these conditions, fewer blasts and no CD44 up-regulation were observed in AND CD4 ϩ T cells. These results suggest that an increase in the absolute size of the peripheral T cell pool abrogates the observed activation͞ proliferation of the first thymic emigrants to reach the periphery.
Discussion
Interactions with self-peptide͞self-MHC complexes are required for the generation of naive T cells in the thymus and their subsequent maintenance in peripheral organs (35, (39) (40) (41) (42) . Such interactions have been shown to induce the proliferation of both memory and naive T cells after transfer to lymphopenic recipients (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) . Indeed, although they do not cycle in normal conditions (unmanipulated healthy animals), naive T cells proliferate strongly when transferred to lymphopenic hosts (irradiated normal mice or rag-or CD3-deficient mice).
Here, we show that peripheral T cells proliferate strongly in neonates. Both CD4 ϩ and CD8 ϩ T cells from normal mice exhibited high proliferation rates in the first days after birth. In the neonatal period, most peripheral T cells are recent thymic emigrants, whereas the latter represent only a minor part of the peripheral T cell pool in adult mice. Nevertheless, peripheral T cell proliferation in neonates does not reflect a property of recent thymic emigrants in general. Indeed, several findings argue against this possibility. First, in adult mice, recent thymic emigrants do not contain a higher proportion of blast cells than the bulk of peripheral T cells (43, 44) . Similarly, BrdUrd labeling of thymic emigrants detected by prior FITC intrathymic injection did not reveal higher proliferative activity in these cells than in total peripheral cells in adult mice (45) . Finally, in the present study, the proliferation of the first T cells reaching the periphery after thymus graft and after BM transfer depended on the size of the peripheral T cell pool (Table  3 and Fig. 5 ). By using a thymic-graft model, we found that the proliferation of peripheral T cells in neonates depended on TCR interactions with self-MHC molecules. Such proliferation could result from TCR interactions with environmental antigens, with stimulation of a minor proportion of thymic emigrants that strongly expands after antigenic stimulation. Alternatively, the observed proliferation might be because of interactions with self-peptide͞self-MHC complexes and thus involve the vast majority of T cell clones migrating from the thymus to the periphery in neonates. Peripheral T cells from all tested TCR transgenic mouse strains strongly proliferated during the neonatal period, implying that reactivity against selfpeptide͞self-MHC complexes is certainly involved. Indeed, an encounter between TCR transgenic T cells and their nominal antigen is highly unlikely in this setting. As suggested by other groups regarding the observed proliferation of adult naive T cells transferred to lymphopenic hosts (10) (11) (12) , the proliferation of peripheral T cells in neonates might depend on self-peptidespecific, low-affinity interactions similar to those required for positive selection in the thymus. We cannot exclude the possibility that, in normal mice, a proportion of peripheral T cells responds to exogenous antigens. Nevertheless, the fact that proliferation rates were not very different between normal and TCR transgenic cells suggests that, in normal mice, the bulk of proliferating T cells are responding to self-peptide͞self-MHC complexes.
By contrast to adult CD4 ϩ naive cells transferred to lymphopenic mice, cycling neonatal peripheral CD4 ϩ T cells from normal mice did not convert to a memory-like phenotype. Only weak CD44 up-regulation was observed on CD8 ϩ T cells on days 4-10 after birth. This difference between proliferating adult and neonatal naive T cells could result from the immaturity of the immune system in neonates. Indeed, although recent studies have shown that neonatal cells have the ability to mount adult-like T helper 1 and cytotoxic T lymphocyte responses (46) (47) (48) , in standard conditions naive neonatal T cells are functionally deficient, both in vitro and in vivo (49, 50) . More precisely, neonatal T cells respond poorly to antigens (49) , and neonatal antigen-presenting cells (APCs) present antigens inefficiently (51) (52) (53) . When day 2-3 neonatal thymuses were engrafted into adult lymphopenic mice, graft-derived T cells found in the periphery 1 week later proliferated strongly and showed marked CD44 up-regulation. In these conditions, newly produced T cells reached an adult peripheral environment. These data suggest that the absence of CD44 up-regulation in neonates is because of APC immaturity rather than T cell immaturity. Moreover, by contrast to polyclonal CD4 ϩ T cells from normal mice, neonatal CD4 ϩ T cells from TCR transgenic mouse strains showed CD44 up-regulation to the high levels characteristic of memory cells. This difference could reflect a higher affinity of TCR transgenic CD4 ϩ T cells relative to the bulk of polyclonal CD4 ϩ T cells, which might compensate for neonatal APC immaturity during encounters with self-peptide͞self-MHC complexes. Only the results obtained with HY TCR transgenic CD8 ϩ T cells are in conflict with such a theory. Indeed, neonatal HY TCR transgenic CD8 ϩ T cells proliferated strongly (Table 2) , whereas CD8 ϩ T lymphocytes from adult HY TCR transgenic failed to proliferate after transfer to adult lymphopenic mice (4, 5, 8, 10, 35) . Thus, the conditions required for neonatal naive T cell proliferation and for the proliferation of adult naive T cells transferred to lymphopenic mice might differ although they rely on a similar basis: they both depend on interactions with self-peptide͞self-MHC complexes and on the ''lymphopenic'' state of the periphery.
All of the neonatal TCR transgenic CD4 ϩ T cells that we tested as well as neonatal HY TCR transgenic CD8 ϩ T cells not only proliferated but also converted to a memory-like phenotype, whereas very few cells with such a phenotype could be detected in their adult counterparts. Such observations imply that neonatal cycling T cells either revert to a naive phenotype or are extremely diluted with time by newly migrating thymocytes and therefore represent a very limited proportion of the adult peripheral T cell pool that can barely be detected. The latter theory is supported by the results of Modigliani et al. (54) who have shown that the increase of the peripheral T cell pool during ontogeny essentially results from thymic output without peripheral expansion. Interestingly, in the present study, when lymph-node T cells were cotransferred with BM cells, proliferation of BM-derived thymic emigrants was profoundly impaired (Fig. 5 ), yet the increase in BM-derived peripheral T cells was not affected. Thus, the proliferation or not of recent thymic emigrants barely makes any difference in their accumulated numbers, suggesting that many of the proliferating peripheral T cells in neonates are destined to die. Altogether, these results suggest that ''homeostatic'' proliferation of recent thymic emigrants in neonates accounts only weakly for the filling of the peripheral T cell pool.
The mechanisms underlying the proliferation of naive T cells in neonates remain to be elucidated. In mice, regulatory T cells begin to exit the thymus only 3 days after birth (55, 56) . Thus, during the first days after birth, the peripheral T cell pool would be devoid of regulatory T cells, and this could explain the ability of unregulated naive T cells to respond to self-peptide͞self-MHC complexes. Mice thymectomized around day 3 of life develop autoimmune syndromes (57) (58) (59) (60) (61) . Similarly, mice in which regulatory T cells are not maintained in the periphery [IL-2-deficient and IL-2-receptordeficient mice (62) (63) (64) ] develop inflammatory bowel disease and lymphadenopathy. Thus, regulatory T cells prevent the autoreactivity of the peripheral T cell pool. In neonates, the lack of such cells could explain the observed proliferation of naive T cells in response to self-peptide͞self-MHC complexes.
